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Abstract
By means of the in situ high temperature X-ray diffraction (HT-XRD), sample heating units (Pt) is studied as the standard sample 
for temperature correction in the temperature range 28–1050 ℃. The interpla         
according to method provided by Rigaku and method of copper target Kα radiation( Kα1, Kα2 ). By linear fitting, polynomial fitting
and custom function fitting, the lattice parameters at each temperature point are also calculated and compared. Besides, different
views are put forward for three aspects about the temperature correction in Rigaku diffractometer manual, and the complex 
phenomenon of the experiment are preliminarily discussed using the theoretical calculation and experimental diffraction data.
Theory and experiment show that Custom fitting has higher accuracy，Selection of the degree of the Fitting polynomial must be 
greater than or equal to 3，the lattice constant of  Platinum nonlinear increases with temperature. In the process of heating，Pt and 
environmental elements may be coupled reaction，platinum is oxidized to form a new oxide Pt3O2.
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of ICAE2011.
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1.  Introduction
Normally, in order to determine cell parameters of high temperature phase crystal, The so-called high temperature 
phase measurement is only measured at room temperature or quenching to room temperature, But in quenching 
process, phase transition may happen, which will influence the analysis results. To avoid this change we must do real-
time measurement directly at high temperatures. HT-XRD is a method of crystal situ thermal analyses, which can 
solve the question mentioned above. It plays a huge role in researching most aspect such as thermal expansion, thermal 
phase transition, thermal defect and lattice dynamics[1-3], especially for ceramic materials, ferroelectric materials, 
pyroelectric materials, magnetic material, superconducting materials, function materials and molecular sieve. But 
some very complex questions will appear when making HT-XRD experiment[4-5], especially the screening of samples 
atmosphere, the measurement of coefficient of thermal expansion, temperature correction, the determination of heating 
rate and the data processing method of HT-XRD patterns. Which problems can be solved will directly affect the results 
of the experiments. The specification of the high temperature accessories Rigaku 2550/PC involves a lot of content 
about high temperature diffraction, most of which is not detailed enough and has some defects, even errors. By 
conducting HTXRD for the sample heating units (Pt), this paper aims to describe a series of complex phenomenon in 
this experiment and make some preliminary analysis.
* Corresponding author. Tel.:+86-18291983402..
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2. Samples and experimental conditions
The test sample is heating units (Pt) in the high-temperature accessories, connected with the X-ray diffractometer.
The summary of the parameters used during the HT-XRD analysis are listed as follows:
X-ray diffractometer style         Rigaku-2550/pc
Tube voltage                              40 Kv
Tube current                              50 mA
Scanning rate                             8°min -1
Scanning range                          30°～90°
Scanning                                   continuous
Radiation                                    CuKα   
Heating rate                               10℃ min-1(ranging from room temperature to 500℃)
Cooling rate                               5℃ min-1(ranging from 500℃ to 1050℃)
The measurements are conducted automatically at the temperatures 28℃, 50℃, 100℃, 150℃, 200℃, 250℃,
300℃, 350℃, 400℃, 500℃, 550℃, 600℃, 650℃, 700℃, 800℃, 850℃, 900℃, 950℃, 1000℃, 1050℃. The natural 
cooling method is applied. For the patterns and data acquired (given in table 1), we make peak-searching and plotting 
using the software MDI Jade5.0.  
3. Results and data processing
3.1.Experimental data of the sample platform
The XRD patterns and data are given in Fig.1-2 and table1, which are at the temperatures 28、50、100、150、
200、250、300、350、400、500、550、600、650、700、750、800、850、900、950、1000、1050 ℃.
Fig.1 XRD patterns at 28 ℃-1050 ℃                                                 Fig.2 XRD peaks for (111) and (222) at different temperatures
                                  
Fig.5 Bi -Θ I Curve According to Fig.4.                                               Fig.6 Experimental value Ai -Θ I Curve
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Fig.9 linear regression and polynomial fitting at 28℃                                               Fig.10 linear regression at 28℃
Table1 diffraction peak angles 2θij at 28 ℃ -1050 ℃
hkl
                  CuKa
temperature
111 (200 220 311 222
Ka1 Ka2 Ka1 Ka2 Ka1 Ka2 Ka1 Ka2 Ka1 Ka2
28 39.538 39.596 46.019 46.121 67.224 67.423 81.059 81.324 85.485 85.750
50 39.519 39.847 46.018 46.118 67.222 67.435 81.006 81.310 85.427 85.733
100 39.539 40.073 45.980 46.036 67.197 67.380 80.998 81.224 85.437 85.719
150 39.464 39.595 45.960 46.077 67.142 67.324 80.940 81.200 85.345 85.676
200 39.460 40.071 45.939 46.040 67.120 67.316 80.899 81.138 85.317 85.557
250 39.439 39.496 45.902 46.035 67.080 67.261 80.843 81.066 85.300 85.511
300 39.422 39.516 45.869 45.981 67.040 67.220 80.764 81.059 85.201 85.315
350 39.383 39.455 45.875 45.958 67.017 67.214 80.756 80.986 85.164 85.30
400 39.362 45.840 45.971 66.961 67.159 80.697 80.939 85.092
500 39.340 45.780 45.879 66.896 67.075 80.598 80.806 84.974 83.353
550 39.320 45.744 45.864 66.841 67.040 80.539 80.781 84.981
600 39.282 45.738 45.857 66.800 66.983 80.495 80.755 84.854 85.116
650 39.262 45.698 45.817 66.759 66.938 80.437 80.682 84.821 85.155
700 39.242 45.680 45.797 66.735 66.883 80.366 80.621 84.746 85.125
750 39.218 39.277 45.627 45.773 66.662 66.875 80.324 80.579 84.723
800 39.199 45.619 45.736 66.622 66.817 80.276 80.520 84.688
850 39.161 39.453 45.598 45.916 66.566 66.778 80.219 80.444 84.617
900 39.142 45.577 45.695 66.524 66.725 80.160 80.384 84.226 84.803
950 39.106 45.540 45.597 66.500 66.681 80.113 80.323 83.996
1000 39.084 36.740 45.501 45.623 66.457 66.936 80.043 80.267 84.377
1050 39.065 39.157 45.480 45.580 66.403 66.618 79.997 80.238 84.593
3.2.Calculation of crystal cell parameters and temperature correction at each temperature
3.2.1.Calculation methods of crystal cell parameters at each temperature
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Method I：
Assuming 2θ ij is the angle of diffraction of the jth(j=1, 2, 3, n) crystal face (hij kij lij) measured , we have 
aij =
ijθ
λ
sin2
222
jijiji lkh ++
（1）
Plotting the curve aij ～cos
2θ ij , we can get the measured value Ai at the temperature Θ i, here, Θ i is the value of 
measured temperature.
Method II:
Handling the line pair formed by the lines Kα2 , Kα1 of Copper target using the pair line method, the cell parameter 
Ai at each temperature can be determined.
Knowing  λ1（Kα1） =1.54056 Å ,λ1（Kα2）=1.54439 Å and the ratio of the two is 0.497 Å, and finding the line 
pair of Kα2 , Kα1 in diffraction lines, the cell parameter Ai at each temperature can be calculated using the following 
formulas:
2 1 2
2
cos
4sin
B B
a
σ
σ
−
= , σ
σ
θθ
∆−=
∆
sin
coscos 21
a
a , here 2
22
2
111 λλ NNB += ， 21212 2 NNB λλ= ， 12 θθσ −= ，
222
iiii lkhN ++= ,
and 
iii lkh ,, are the crystal face index, θ i is the Bragg angle.
3.2.2. Temperature correction
3.2.2.1. Calculation method 
Firstly, assume Ti is the true temperature, so the cell parameter ai can be expanded into a power series of the
temperature Ti ,
a i = 0a + 1a Ti + 2a T
2
i +…+ a n T
n
i +…（2）
The formula above can be expressed as another form,
a i = 0a (1+ 1α Ti + 2α T
2
i +…+α n T
n
i +…)（3）
Here the coefficients ai, αi are the cell parameter and coefficient of expansion of various power at known
temperatures, which can be determined by the data in the literature [6].
Secondly, plot the curve Θi ～Ti .
3.2.2.2.Methods of data processing
The curve ai～cos2θ and the curve Θi～Ti is handled with methods of linear fit and poly fit respectively. 
Calculating the ai and plotting the curve ai～cos2θ using a program based on the software Origin, we can get ai
respectively and plot the curve Ai ～Θi , in combination with the handling methods, linear fit and poly fit. 
3.2.2.3 Results of data processing
The calculated value and experimental value at each temperature is given in table 2, where the value of Bi is 
calculated by the data from the literature[6]. The temperature dependence of crystal lattice parameter(Bi) is given in 
Fig.1, from which we can obtain coefficient of expansion of Pt. So the following equation can be written,
Bi=3.92545+2.56448×10-5Θi+2.49919×10-8Θi 2 +9.52257×10-12Θi 3
According the formula above, the corresponding crystal lattice parameters Bi at each temperature can be calculated, 
which are given in table 2. 
Using the formula Ai=3.92545+2.56448×10
-5 Ti +2.49919×10
-8 Ti
2 +9.52257×10-12 Ti
3, the true temperature Ti
corresponding with the measured value can be calculated reversely. Two methods can be applied to correct the 
temperature. Firstly, crystal lattice parameters obtained by measurement can be revised using the value of Bi –Ai .
Secondly, it can also be revised directly by the deviation of Θ i from Ti . In the data processing, it is found that what 
the specification of X-ray diffractometer[6] and the literature[7] gives is a Unary Cubic Equation. In spit of 
determining polynomial coefficients and deriving the true temperature reversely using data from the literature, facing
the solving of equation of higher degree, we can almost do nothing, only by means of computers, the solving results 
still rely on the computer accuracy. For verifying the reliability of the literature, when deriving the temperature 
reversely using the literature data, we find that only when the temperature is relatively low(200℃), but disagree well 
with data from the literature. And as the temperature increases, the deviation of the temperature solved by the equation 
from the literature data is larger and larger, which even reach up to 41℃ .Considering the influence from the 
polynomial higher order terms, we try to handle it using the Polynomial of Degree 8. Although the results have 
improvement to some extent, it is not satisfactory. In spite of applying different samples to temperature correction in 
some literatures, the question remains not to be solved.
4.Results and discussion
4.1. Analysis of X-ray diffraction patterns and data
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Observing the patterns and data (given in Fig.6-Fig.8), two findings are given as follows:
① As the temperature rises, the patterns trend to the direction of high value of D and low angles, which is caused 
by crystal expansion leading to the increase of interplanar crystal spacing. But obvious anomaly occurs around 550℃
and 700℃. The characteristic spectrum obtained at relatively low temperature disagree with the PDF card of Pt 
(JCPDS No. 04-0802), which indicates that phase transition or chemical reaction may happen the surface of sample 
heating units (Pt). This point will be analyzed later.
② With the increase of temperature the diffraction peaks of CuKα1 and CuKα2 gradually separate . The Kα2
diffraction peak of some crystal plane later appeared a while hiding, their patterns and data  changes  are very complex. 
These phenomena are described in more detail below.
Table2 The lattice parameters calculated and experimental values table at different temperatures
Θ i Bi Ai（linear fit） Ai(costerm fit) Bi -Ai
28 3.92619 3.91033 3.9178 0.01586
50 3.9268 3.91384 3.9206 0.01296
100 3.92827 3.91367 3.9207 0.0146
150 3.92989 3.91291 3.9210 0.01698
200 3.93165 3.91485 3.9228 0.0168
250 3.93357 3.91432 3.9230 0.01925
300 3.93565 3.91996 3.9278 0.01569
350 3.9379 3.91893 3.9273 0.01897
400 3.94032 3.9219 3.9302 0.01842
500 3.94571 3.92761 3.9354 0.0181
550 3.9487 3.92632 3.9351 0.02238
600 3.95189 3.92972 3.9382 0.02217
650 3.95529 3.93182 3.9404 0.02347
700 3.95891 3.93631 3.9441 0.0226
750 3.96276 3.93453 3.9437 0.02823
800 3.96684 3.93795 3.9467 0.02889
850 3.97115 3.93875 3.9479 0.0324
900 3.97572 3.93996 3.9494 0.03576
950 3.98053 3.94136 3.9510 0.03917
1000 3.98561 3.94717 3.9560 0.03844
1050 3.99095 3.9502 3.9588 0.04075
(a) There are 5 diffraction lines of Pt between 30˚-90˚, which are indexed as （111）,（200）,（220）（311）,
（222）respectively. The diffraction peaks of the (222) plane is very weak, needing to distinguish the intensity and 
the value of D carefully. Otherwise you will think it as the white noise and omit it.
(b) Analyzing patterns and data, it is found that when choosing the parabolic line filter, if POINTS=7, we have two 
peaks, D1=2.274 in the right side of (111) plane and D2=1.3879 in the right side of (220) plane (the intensity of these 
two peaks disagree with the Kα2 line’s), and three Kα2 lines, D3=1.9665, D4=1.1821 and D5=1.1321 generated by the 
planes (200),(311),(222). If POINTS=7, we only have the D4 and all the diffraction lines are filtered out, which 
indicates finding the Kα2 line is related with background processing.
(c) For the pattern at 50℃, if POINTS=7, there are four diffraction lines, D31=1.9666, D21=1.3877, D41=1.1823 
and D51=1.1323, accompanying with the main peaks of the planes (200), (220), (311), (222). Of the four lines, the D21
and D41 of the Kα2 lines can be wiped off when getting rid of Kα2 (marked in fold in table 1), but other lines can not. 
Compared with the preceding analysis, D21 is, in fact, the revolution of D2. Until now, the conclusion is drawn that D2
at 28℃ should be generated by the Kα2 line, As for why its intensity is not in accord with the proportion of 1:2, it 
remains to be studied. In addition, the even surface is more sensitive to the temperature changing, compared with the 
odd surface.
(d) The pattern at 100℃ is a little abnormal. The d(111) decreases (2.2785-2.2773) and the d(200) increases (the 
d(220) only increases 0.0005 ),but the d-spacing of other crystal planes does not change significantly. As the 
temperature rises, for the (111) plane, the single-peak at 28℃ is split to a double-peak at 50℃, then evolves into a 
main peak accompanied with satellite peaks on both sides. The peak height of the planes (111) and (200) getting 
409Cheng-xi Hu et al. / Procedia Engineering 24 (2011) 404 – 4116 Cheng-xi Hu / Procedia Engineering 00 (2011) 000–000
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basically the same.
(e) As the temperature continues to rise, the d-spacing of each crystal face largens nonlinearly to varying degrees. 
For the plane (111), the satellite peak on the left side of the main peak gradually exceed the main peak, and the 
satellite peak on the right side drop down to become a peak with the main peak, when rising to 500℃, becoming a 
single-peak, high left and low right, being split to a double-peak at 550℃, then becoming four peaks (one is high, and 
the other three are low) at 660℃. The three low peaks slide down and disappear in the background successively at 
900℃, 1000℃ and 1050℃, the two peaks in the main side separating obviously. The overall trend of changes of other 
crystal faces data is basically similar to the analysis above, but changing of the peak shape is very complex.
4.2. Theoretical calculation for the sample heating units and preliminary explanation of experimental phenomena
4.2.1. Theoretical calculation for the sample platform
According to the specification [6] of high temperature accessories, the sample heating unit is made of Pt of 99.95%.
But the obtained experimental pattern can not agree with the XRD pattern of Pt very well, consequently complex 
phenomenon given in 4.1 appearing. For explaining them, we start with the microstructure of sample heating units. 
The crystal structure of Pt is FCC, whose space group is Fm-3-m(225). According to atomic coordinates and 
crystallographic parameters (given in Table 3), by calculating, we get the theoretical XRD spectrum of Pt using the 
software POUDRIX, which does not agree with experimental results. Considering the platinum surface may be 
oxidized, we select atomic coordinates to calculate the theoretical spectrum of platinum oxide for consistent with 
experimental results(see Fig.11). In a unit cell, there are 9 platinum ions and 6 oxygen ions, which maybe Pt3O2.
According to common sense, this oxide does not exist, because the valence here is not reasonable. In order to account 
for the phenomenon in the experiment, we can only think that Pt3O2 is the metastable structure at high-temperature 
below the surface, which can be resolved into PtO2 and Pt.
Table 3 The lattice parameters calculated and experimental values table at different temperatures (Pt3O2)
——————————————————————————————
Asymmetric unit content:
x            y            z           B      Pop. Mult. Elem.       Nb.
Pt    0.00000  0.00000  0.00000  0.00   8.000   0.500         1
Pt 0.25000  0.25000  0.25000  0.00   8.000   1.000         1
O    0.50000  0.00000  0.00000  0.00  12.000   0.750        2
O    0.50000  0.50000  0.00000  0.00  6.000  0.375         2
Atomic scattering factors:
f(0)              f'              f"
Pt 77.9549   -4.4740    6.9370
O 7.9994    0.0500  0.0320
Cromer Factors:
c           a1           b1          a2         b2        a3          b3        a4        b4
Pt 11.6883 27.0059  1.5129 17.7639 8.8117 15.7131 0.4246  5.7837 38.6103           
O 0.2508  3.0485 13.2771  2.2868  5.7011  1.5463  0.3239 0.8670 32.908
——————————————————————————————————
                                                                     
Fig.11Theoretical XRD spectrum  for Pt3O2(above ) Pt(below) at 28℃
4.2.2.Preliminary explanation
(a) The experimental pattern interpretation
The reason for diffraction patterns of sample heating units not fitting with the PDF card of Pt (JCPDS No. 04-0802) 
and the reason for the patterns and data at temperatures before 600℃ being abnormal are as follows.
Even though the sample heating unit is made of Pt of 99.95%, in the course of long-term using, especially in high-
temperature experiment, it is evitable for the unit to react with gas molecules in the high temperature furnace or some 
chemical elements in samples, or form interstitial compounds. Especially for the oxygen gas, due to meet conditions of 
forming ionic compounds, there is a thin layer of oxide on the surface of sample heating units. Pt occupies the sites of 
cube vertexes and 8 tetrahedral interstices, and O occupies the sites of face centres and edge centres, these atoms at 
lower temperatures constitutes a relatively stable similar antifluorite structure. Chastor [8] thinks that obvious changes 
can not be seen on the surface of Pt. But, in fact, a thin transparent layer of oxide has already formed. When heating, 
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as the temperature rises, the Oxide film thickness continues to incrassate, which may be related to surface effect. When 
heating to certain critical temperature (such as 500℃), it does not continue to incrassate but disappear completely. It is 
to say that phase transition occurs at this critical temperature. If the surface is open to the outside, oxides will be 
dispelled to surroundings as the air flow. If the surface is closed to the outside, the PtO2 vapor will be diffused in 
narrow space consisting of the stove, gradually reaching to saturation. If being kept above the critical temperature, the 
gaseous PtO2 is impossible to deposit as solid-state, but it is dissociated to the metal Pt to keep the gaseous PtO2
reaching to the equilibrium state. The dissociated Pt in hot space will repeat the behaviour described above in the next 
heating cycle. From the micro perspective, Crystal structure changes lead to the lattice constant and the diffraction 
intensity ups and downs. Structural phase transition is represented as the gradual transition from the original XRD 
pattern of PtO2 to the pattern of Pt.
(b) Explanation for the abnormality at 700℃ is as follows.
The temperature 700℃ in Fig.6 corresponds a falling of lattice constants, which is to say the abnormality occurs in 
the normal course of crystal thermal expansion. D.OTT and C.J.Raub[9] detailedly study the role of Pt, Pd, Ru and Rh 
in the course of deoxidizing oxides with good stability (Al2O3,ZrO2,MgO) or oxides with poor stability (Cr2O3,SiO2)
in the air. The research indicates that the four kinds of metals all promote the reduction reaction greatly. The effect of 
Pt、Pd is particularly strong , the starting temperature being between 700℃ and 800℃ [10], some even as low as 
around 600℃. The reaction result is that the metal components of oxides react with Pt and Pd, forming intermetallics
or solid solution. This result inevitably leads to the changing of lattice constants of sample heating units in high-
temperature diffraction experiment. The solute atoms (Cr, Si) whose radius is smaller than Pt (138.8pm) formed 
substitutional solid solution with Pt, which results in the decrease of lattice constants. In Fig.6, lattice constants 
decrease at 700℃.
(c) The qualitative explanation for diffraction peaks of CuKα2 and CuKα1 varying with temperatures is described 
as follows.
The diffraction peaks of CuKα2 and CuKα1 vary with the temperature, which can be due to the thermal expansion of 
lattice planes. When the value of D at certain temperature agrees with the Bragg equation, the diffraction peak will 
occur. The wavelengths of Kα2 and Kα1 are very close to each other, so the two diffraction peaks get close enough, but 
can be separated. The interval of the two peaks is constant and the ratio of diffraction intensity is 0.497. But lattice 
planes are in a strong vibration state at high temperatures. Small distortion occurs at the border of the first Brillouin 
zone. It will take some time for this distortion to be probed and represented in the patterns, and the distortion can not 
be represented ideally, which leads to that the diffraction intensity of Kα2 and Kα1 can not agree with the proportion of 
0.497 strictly and that the Kα2 line of some crystal faces now appear and then disappear. Analogous phenomenon have 
been given in the literature [4].
(d) The influence of linear fitting method and other fitting methods on the lattice constant Ai
ⅰ) Observing the Fig.3 and Fig.9, it is found that the lattice constant can be determined by firstly linear fitting then 
extrapolating to cos2θ. For example, we can get Ai =3.91837 Å by calculating with the data of the Kα2 and Kα1 of 
(220), very close to the result Ai= 3.91893 Å obtained by using Method I, which indicates that the linear fitting 
method has the same precision as the pair line method when the demand is not high, but the pair line method has a 
better computing efficiency. Considering that polynomial fitting method is applied to nonlinear questions, the result of 
fitting can be improved but not be ideal.
ⅱ) The computing method of cell parameters at each temperature is provided in the specification of high-
temperature accessories. Applying polynomial fitting results in the great error of lattice constants and the generally 
small value of Ai, whose origin is without handling the formula(1) correctly. A deep research finds that applying the 
method of polynomial fitting can improve the data, but can not agree with experimental fact better. In order to avoid 
this, custom fitting function has to be used. Now the analysis is as follows: 
The formula (1) can be expanded in series and approximated to θ4cos ,
...)coscoscos1(
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It is reasonable to extrapolate the Ai according to the formula (5), consequently the formula (5) being considered as 
custom fitting function. The results of data processing are given in Fig.10.
ⅲ) Compared with Fig.4-8 and Table 2, when methods of linear fitting, cubic polynomial fitting and higher degree 
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polynomial fitting are applied to plot the characteristic curve of lattice expansion, it is found that the linear fitting 
method is the worst, with a great error. The method of Cubic polynomial fitting can improve a little due to consider the 
nonlinear character of thermal expansion, but still can not apply to the situation of the measurement and phase 
transition in wide-temperature area, in which using higher degree polynomial fitting is more reasonable. Sometimes 
we need to build and use custom fitting functions on our own according to the thermophysical properties of materials.
5.Conclusions
It is very important to obtain exact cell parameters and temperature correction in high-temperature XRD experiment. 
Cell parameters at different temperatures can be determined by using methods of linear fitting, polynomial fitting and 
custom function fitting. In these methods the precision of custom function fitting is higher. The lattice constants of 
sample heating units, as the temperature rises, trends to increase nonlinearly. Consequently higher order polynomial 
fitting needs to be applied to temperature correction with sample heating units as the standard sample. In the heating 
process, due to the interaction of surroundings in the furnace, coupled reduction reaction takes place between sample 
heating units and indissolvable oxides, carbon, carbide and other metals or chemical elements, which makes the 
diffraction patterns more complex. Consequently, in the temperature range covered by this paper, at least around 
550 ℃ and 700℃, the phase transition should be considered.
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